Investigation of fluorescence quenching of probes, such as ATTO dyes, is becoming an increasingly important topic owing to the use of these dyes in super-resolution microscopies and in single-molecule studies. Photoinduced electron transfer is their most important nonradiative pathway. Because of the increasing frequency of the use of ATTO and related dyes to investigate biological systems, studies are presented for interand intramolecular quenching of ATTO 590 with tryptophan. In order to examine intramolecular quenching, an ATTO 590-tryptophan conjugate was synthesized. It was determined that tryptophan is efficiently quenching ATTO 590 fluorescence by excited-state charge transfer and two charge transfer complexes are forming. In addition, it was discovered that an exciplex (whose lifetime is 5.6 ns) can be formed between tryptophan and ATTO 590, and it is suggested that the possibility of such exciplex formation should be taken into account when protein fluorescence is monitored in a system tagged with ATTO dyes. ABSTRACT: Investigation of fluorescence quenching of probes, such as ATTO dyes, is becoming an increasingly important topic owing to the use of these dyes in super-resolution microscopies and in single-molecule studies. Photoinduced electron transfer is their most important nonradiative pathway. Because of the increasing frequency of the use of ATTO and related dyes to investigate biological systems, studies are presented for inter-and intramolecular quenching of ATTO 590 with tryptophan. In order to examine intramolecular quenching, an ATTO 590−tryptophan conjugate was synthesized. It was determined that tryptophan is efficiently quenching ATTO 590 fluorescence by excited-state charge transfer and two charge transfer complexes are forming. In addition, it was discovered that an exciplex (whose lifetime is 5.6 ns) can be formed between tryptophan and ATTO 590, and it is suggested that the possibility of such exciplex formation should be taken into account when protein fluorescence is monitored in a system tagged with ATTO dyes.
■ INTRODUCTION
Because of their experimentally desirable features of, for example, high quantum yield and photochemical stability, ATTO dyes such as ATTO 590 ( Figure 1 ) are finding ever growing applications as probes for biological studies using fluorescencebased techniques 1−3 in, for example, super-resolution microscopies 4−6 and single-molecule measurements. 7−9 It is important, however, to understand how possible interactions with the environment can affect the ATTO photophysics. Marméet al. observed fluorescence quenching of red absorbing ATTO dyes in the presence of amino acids. 10 They noted that tryptophan proved to be the most efficient quencher of ATTO fluorescence. They attributed the quenching to the production of a groundstate ATTO−tryptophan complex, which they concluded was nonfluorescent. This conclusion was based upon their observation that static quenching is dominant. Zhu et al. carried out transient absorption experiments of ATTO 655 in the presence of tryptophan in aqueous solution. 11 Assuming that the standard redox potential of the oxazine dye (MR 121) is similar to that of ATTO 655, they searched for photoinduced electron transfer from tryptophan to ATTO 655. They, however, were unable to find any evidence of a charge-separated species, thus concluding that it decayed faster than the time resolution of their instrument, 150 fs. Using a similar system, Yu and co-workers reported two charge separation rates, which they interpreted in terms of two different charge-separated complexes. 12 Stimulated by these studies, we performed further experiments with ATTO 590 in order to elucidate inter-and intramolecular quenching processes with tryptophan. Our results do not support the existence of nonfluorescent ground-state complexes in the concentration range investigated, but they are consistent with excited-state electron transfer being the predominant mechanism for fluorescence quenching. Unfortunately, the time resolution of our transient absorption spectrometer was not sufficient to observe the charge-separated species.
In the course of these studies, we also investigated the quenching of tryptophan f luorescence by ATTO 590, which quenches fluorescence very efficiently by means of formation of an exciplex in an ATTO−tryptophan conjugate. This is consistent with the work of Rivarola et al., which reported exciplex formation of excited-state indole derivatives and monosubstituted benzenes in cyclohexane. 13 (In the case of benzonitrile and chlorobenzene, a charge transfer interaction with indole is, however, suggested to be more likely.) In a similar study by Previtali and co-workers, indole derivatives including tryptophan were found to form exciplexes in solutions of reverse micelle solutions made with the cationic surfactant benzylhexadecyldimethylammonium chloride in benzene, particularly at low molar ratio water/surfactant. 14 There is also evidence of exciplex formation with tryptophan and alcoholic solvents. 15−17 To our knowledge, our report is the first of tryptophan exciplex formation with a commonly used fluorescent label, ATTO 590, in aqueous solution. This finding is particularly relevant for a thorough and correct interpretation of fluorescence data in biological systems tagged with such dyes.
■ EXPERIMENTAL SECTION
Materials. ATTO 590 (free carboxy acid) was purchased from ATTO-TEC GmbH, Siegen, Germany, and L-tryptophan was purchased from Sigma-Aldrich. They were used as received. All the experiments were done in 10 mM phosphate buffer at pH 7.
Preparation of the Conjugate of ATTO 590 and Tryptophan. A 0.3 mg (0.0015 mmol) portion of Ltryptophan was dissolved in 1 mL of 1 M NaHCO 3 solution. A 0.5 mg (0.00063 mmol) portion of ATTO 590 NHS ester, dissolved in 50 μL of DMF, was added to the reaction vessel. After 2.5 h of stirring at ambient temperature in the dark, the solvent was removed in vacuo. The product was purified on a preparatory TLC plate (1000 μm, Analtech Silica) in the dark in 1: -630 ) has been employed. With the system described, the full width at halfmaximum of the instrument response (IRF) is ∼40−50 ps. Generally, for lifetime experiments, 65 000 counts were taken in the peak channel unless otherwise mentioned. A cuvette of 3 mm or 1 cm path length was used for the time-resolved measurement, depending upon the sample. Different filters were also chosen to see fluorescence decay of a particular band. The decay parameters were determined by fitting to a sum of exponentials after deconvolution of the instrument response function.
Calculations. DFT computations (B3LYP/STO-3G) were used to compute the energies of the ATTO−Trp conjugate. A PCM water solvation model was employed. At this low level of theory, the energies may be underestimated due to DFT having difficulties calculating dispersion forces. The computed lowest energies for the 5′ and 6′ open and stacked forms of the conjugate are shown (Supporting Information), along with their energies (in kcal/mol) and energy differences between the open and stacked forms. The energy differences of the open and stacked forms of both isomers lie within 5 kcal/mol, which is within the measurable error of Gaussian. Because of this, it is difficult to draw quantitative conclusions about the conformations. On the other hand, the calculations are consistent with the notion that the ATTO−Trp conjugate can exist in many conformations, including those that are stretched and stacked. We invoke such geometries in our discussion of lifetime data below. All DFT computations were done with Gaussian 09. The hybrid B3LYP functional was used, which consists of the Becke three-parameter exchange functional 19 with the correlation functional of Lee, Yang, and Parr. 20 ■ RESULTS AND DISCUSSION Steady-State Measurements. Figure 2 presents the absorption spectra of ATTO 590 in pH 7 buffer in the presence and absence of tryptophan. Marméet al. proposed formation of a nonfluorescent ground-state complex responsible for static quenching of tryptophan and ATTO 590. 10 They calculated the association constant, K, to be 50, which implies that, in a mixture of 50 mM tryptophan and a micromolar solution of ATTO dye, about half of the ATTO 590 should exist in complexed form. As it is very unlikely that the ATTO monomer and an ATTO−Trp complex would have the same absorption spectra, we would expect a noticeable change in the absorption spectra in the presence of 50 mM tryptophan. This, however, was not the case. The absorption spectra of ATTO 590 are essentially the same regardless of the concentration of tryptophan in pH 7 buffer, from which we conclude that there is no significant formation of a ground-state complex. Furthermore, even for the ATTO−tryptophan conjugate, where groundstate complex formation would have been more facile, the ATTO 590 monomer absorption spectrum is conserved.
The situation of ATTO 590 and tryptophan in this work stands in clear contrast to, for example, the documented example of oxazine and tryptophan, examined by Sauer and co-workers, 21 which do form a ground-state complex, as evidenced by about a 10 nm red shift in the absorption of oxazine as the concentration of tryptophan is increased from 0 to 50 mM. Over this range of tryptophan concentration, the absorption spectrum of oxazine also changes in shape and intensity. On the other hand, the spectra of ATTO 590 are unchanged both in shape and intensity within the resolution of our absorption spectrometer (±1 nm) over the entire range of tryptophan concentration and in the ATTO 590−tryptophan conjugate (Figure 2 ).
On the other hand, the possibility of excited-state charge transfer is possible when the two chromophores are sufficiently near. Namely, the fluorescence spectra of the conjugate and of ATTO 590 in the presence or absence of tryptophan show one emission maximum at 610 nm for excitation at any wavelength corresponding to absorption by the ATTO 590 chromophore. When, however, the conjugate is excited (at λ ex = 266 nm), a new fluorescence band with a maximum at 455 nm ( Figure 3) is observed; simultaneously, the "normal" fluorescence maximum of tryptophan, ∼350 nm, is strongly quenched. We did not observe the same band with ATTO 590 dissolved in 50 mM tryptophan solution in pH 7 buffer, which is not surprising, as the average distance between ATTO 590 and Trp is greater (∼60 Å) than that in the conjugate (∼10 Å); in other words, 50 mM is not concentrated enough compared to the "effective concentration" of tryptophan in the conjugate, which is estimated to be ∼110 mM by inspection of the Stern−Volmer plot ( Figure 5) .
The excitation spectra of the conjugate are given in Figure 4 . When emission is collected at 630 nm, the excitation spectrum agrees very well with the ATTO 590 absorption spectrum. However, when the emission is collected at 460 nm, the excitation spectrum differs completely from the absorption spectrum. This indicates that an exciplex is forming between tryptophan and ATTO 590. This band is not a result of excimer formation between two tryptophans, as is demonstrated by its absence in a solution of 50 mM tryptophan containing no ATTO 590 (Figure 3) .
Di Mascio and co-workers 22 have observed spectra similar to the spectrum displayed in Figure 3 for photo-oxidized tryptophan. It is highly unlikely that our spectrum arises from such a product. The experimental conditions employed in this work are considerably different than ours. Di Mascio and coworkers irradiate their sample with 500 W for 3 h. They also maintain their sample in an environment that is very rich in oxygen. On the other hand, we excite our sample with only a 3 or 4 nm bandpass of very low intensity light in a fluorometer, and the spectrum is acquired in a few minutes. In addition, we obtain the same spectrum when the sample is deoxygenated ( Figure 5 ).
Time-Resolved Experiments. Table 1 summarizes excitedstate lifetime data for ATTO 590 as a function of tryptophan concentration and makes comparisons with the ATTO−Trp conjugate and ATTO−phalloidin (Figure 1b) , a commonly used probe in biological studies. 6 The weights for the shortest and intermediate lifetimes of ATTO 590 increase with increasing tryptophan concentration. A Stern−Volmer plot was constructed from the data in Table 1 quantifying the quenching efficiency of tryptophan. A quenching constant of 0.03 ± 0.01 M −1 was obtained (Figure 6a ). The ATTO−Trp conjugate and the ATTO−phalloidin are also included on this plot, for completeness, to provide an indication of the "effective concentration" of Figure 2 . Normalized absorption spectra of (black) ATTO 590− tryptophan conjugate, (red) ATTO 590, and (blue) ATTO 590 in the presence of 50 mM tryptophan in pH 7 buffer. The concentration of ATTO 590 was kept constant at 1 μM. The blue spectrum was collected by using 50 mM tryptophan as a blank. The spectra were normalized with respect to that of ATTO 590−tryptophan conjugate. The maximum O.D. values were 0.119 and 0.118 for the red and blue spectra, respectively. That the optical density of the ATTO, or its spectrum, does not change as a function of tryptophan concentration is important for eliminating the possibility of a ground-state complex between the two chromophores. In order to simplify the analysis, it was convenient and instructive to use the temperature dependent lifetimes of the ATTO−50 mM Trp mixture as a model. The data were always well fit to the same three lifetime components with varying weights. Namely, there is always a 400 ps component in the presence of tryptophan; unquenched ATTO provides a 3.7 ns component, as stated above; and there is a component of intermediate duration, which is well described by 1.9 ns. These lifetime components are all well reproduced by the ATTO− Trp conjugate, which serves as a self-consistency check of the analysis, and only the intermediate lifetime component was 1.0 ns for conjugate. The transient data along with the absorption and excitation spectra referred to earlier are inconsistent with the claim 10 of the formation of a nonf luorescent ground-state complex, whose presence would be expected to generate a a Emission was collected at λ em > 550 nm. The ATTO 590 concentration was maintained at 1 μM. Lifetime values have a ±5% error. ⟨τ⟩ is proportional to the fluorescence quantum yield and is given by ⟨τ⟩ = ∑ a i τ i . single-exponential fluorescence decay whose intensity, but not lifetime, decreased with increasing tryptophan concentration. We interpret the weights of the lifetimes, a 1 , a 2 , and a 3 , to be directly proportional to three types of ground-state configurations between ATTO and Trp: a 1 , to configurations in which charge transfer does not occur at all; a 3 , to a configuration in which charge transfer is as rapid as it can be (400 ps); and a 2 , to intermediate configurations in which charge transfer is possible but is not as efficient as in a 3 . Consequently, plots of ln(a i /a j ) vs 1/T can be used to obtain the standard free energy differences among these three populations (Figure 7) . Table 4 summarizes the values of standard thermodynamic quantities obtained from the fits.
We performed lifetime measurement of the ATTO 590−Trp conjugate using λ ex = 415 and 266 nm (Figure 8a) . No excitation-wavelength dependence was observed when only fluorescence from ATTO 590 was monitored. However, when λ ex = 266 nm and λ em = 400−530 nm, a lifetime of 5.6 ns was observed (Figure 8b ). (In this case, 20 000 counts were obtained in the peak channel for the lifetime owing to the lower fluorescence intensity.) A growth (or induction) time should be observed for the transient fluorescence of an exciplex, corresponding to its formation, but we only observe an exponential decay, indicating that the exciplex is formed too rapidly to be detected with Tables 1−3 ). our instrumentation. With 266 nm excitation, either tryptophan or ATTO 590 is excited. When tryptophan is excited, it forms an exciplex with ATTO 590, and when ATTO is excited, it follows the same decay path as obtained with 415 nm excitation. Finally, as there is large overlap between the absorption spectrum of ATTO 590 and the fluorescence spectrum of tryptophan, there is also a possibility of fluorescence resonance energy transfer (FRET). However, with the time resolution of our instrument, we could not find any growth time in ATTO 590 fluorescence exciting at 266 nm.
The data from Tables 1−4 are summarized schematically by the potential energy surface given in Figure 9 .
■ CONCLUSIONS
Stimulated by the work of Marméet al., we monitored the quenching of ATTO 590 by tryptophan. Seeing no change in absorption spectra in the presence of tryptophan, we can conclude that there is not any ground state complex formation. We saw three-exponential decays in the presence of tryptophan. The fast component of the three-exponential decays is attributed to a conformation which forms the most effective charge-separated species among the other conformations. We found out that, when tryptophan is excited, it forms an exciplex in the presence of ATTO dyes and the lifetime of the exciplex is 5.6 ns; this is potentially responsible for quenching of tryptophan fluorescence by ATTO 590. This exciplex fluorescence should be taken into account for monitoring tryptophan fluorescence in the presence of tagging ATTO dyes. This information can also be utilized to detect the proximity of tryptophan to the ATTO labels in biological systems, though a detailed study would be required to conclude something quantitatively.
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